Two regulators, Aur1P and Aur1R, have been previously found to control expression of the aur1 polyketide gene cluster involved in biosynthesis of the angucycline-like antibiotic auricin in Streptomyces aureofaciens CCM 3239 in a cascade mechanism. Here, we describe the characterization of two additional regulatory genes, aur1PR2 and aur1PR3, encoding homologues of the SARP family of transcriptional activators that were identified in the upstream part of the aur1 cluster. Expression of both genes is directed by a single promoter, aur1PR2p and aur1Pr3p, respectively, induced in late exponential phase. Disruption of aur1PR2 in S. aureofaciens CCM 3239 had no effect on auricin production. However, the disruption of aur1PR3 dramatically reduced auricin compared with its parental wild-type strain. Transcription from the aur1Ap promoter, directing expression of the first biosynthetic gene in the auricin gene cluster, was similarly decreased in the S. aureofaciens CCM 3239 aur1PR3 mutant. Transcription from the aur1PR3p promoter increased in the S. aureofaciens CCM 3239 aur1R mutant strain, and the TetR family negative regulator Aur1R was shown to specifically bind the aur1PR3p promoter. These results indicate a complex regulation of the auricin cluster by the additional SARP family transcriptional activator Aur1PR3.
INTRODUCTON
Members of the genus Streptomyces are Gram-positive, filamentous, soil-dwelling bacteria characterised by a complex morphological differentiation that produce an extraordinary diversity of biologically active secondary metabolites, including the majority of known antibiotics. Production of antibiotics is co-ordinated with morphological differentiation and often occurs in a growth phasedependent manner, usually at the end of exponential phase, being influenced by a variety of environmental and physiological conditions (Bibb, 2005) . Antibiotics are produced by complex biosynthetic pathways encoded by physically clustered genes, which are usually regulated by pathway-specific transcriptional activators that are located in these clusters and act as a master switch for biosynthesis of the respective antibiotic. In addition, various global regulatory genes affect antibiotic production indirectly and have pleiotropic roles in stress response and morphological differentiation (Bibb, 2005; Martín & Liras, 2010) . Pathway-specific transcriptional activators have been classified into different families; however, an important one among these is the Streptomyces antibiotic regulatory protein (SARP) family. The members of this family are activators characterized by an N-terminal OmpR-type winged helix-turn-helix (HTH) DNA-binding domain (Wietzorrek & Bibb, 1997) . These regulators recognize direct heptameric repeats (TCGAGXX) spaced by 4 or 15 nt and located 8 nt upstream of the 210 region of a promoter (Arias et al., 1999; Sheldon et al., 2002) .
Previously, we identified a type II polyketide synthase gene cluster, aur1, that was responsible for production of the angucycline-like polyketide antibiotic auricin in Streptomyces aureofaciens CCM 3239 (Novakova et al., 2002) . Although auricin was clearly detected in S. aureofaciens CCM 3239, its purification and structural elucidation, which are currently under investigation, are hampered by its extremely low productivity (J. Kormanec, unpublished results ). Similar problems were described for several homologous angucycline clusters (Lombó et al., 2004; Metsä-Ketelä et al., 2004; Pang et al., 2004) , thus indicating that these types of polyketide synthase clusters are very tightly regulated. Knowledge of the mechanisms of their regulation is therefore of great interest, and it would allow an increase in the yields of auricin in the producer strain. Recently, we identified two genes in the aur1 cluster, aur1P and aur1R, encoding regulators controlling expression of the aur1 gene cluster in S. aureofaciens CCM 3239 in a cascade mechanism. The aur1P gene encodes a protein similar to the response regulators of bacterial two-component signal transduction systems and has been shown to specifically activate expression of the auricin biosynthetic genes (Novakova et al., 2005) . The aur1R gene encodes a protein homologous to transcriptional repressors of the TetR family. It belongs to the subfamily of c-butyrolactone autoregulator pseudo-receptors, which constitute an independent branch in the phylogenetic tree of c-butyrolactone autoregulator receptors and probably do not bind c-butyrolactone autoregulators (Nishida et al., 2007) . It has been shown to repress expression of the aur1P gene. Aur1R directly binds the aur1Pp promoter, and this binding was abolished by the presence of auricin and/or its intermediates (Novakova et al., 2010a) . In the present study, we describe the characterization of two additional regulatory genes, aur1PR2 and aur1PR3, encoding homologues of the SARP family of transcriptional activators that were identified in the upstream part of the aur1 cluster. We provide evidence that only one of them, aur1PR3, is essential for auricin production in S. aureofaciens CCM 3239. We further describe its transcriptional regulation and show that auricin-specific repressor Aur1R directly regulates its expression.
METHODS
Bacterial strains, plasmids and culture conditions. S. aureofaciens CCM 3239 wild-type was from the Czechoslovak Collection of Microorganisms, Brno, Czech Republic. The S. aureofaciens Daur1R mutant strain was described by Novakova et al. (2010a) . Escherichia coli SURE (Stratagene) was used as a host, and plasmid pBluescript II SK 2 (Stratagene) was used for E. coli cloning experiments. E. coli BW25113/pIJ790 was used as a host for PCR-targeted gene disruption using the apramycin resistance plasmid pIJ773, and E. coli ET12567/ pUZ8002 was used as a nonmethylating host (Gust et al., 2003) . The Streptomyces integrative plasmid pPM927 (Smokvina et al., 1990) was used for complementation. Growth of S. aureofaciens CCM 3239 strains was carried out as described by Novakova et al. (2010a) . The phenotype of the S. aureofaciens Daur1PR2 and Daur1PR3 mutants was analysed after growth on solid minimal MM medium (Kieser et al., 2000) and rich Bennet medium (Horinouchi et al., 1983) and after growth in liquid minimal NMP medium (Kieser et al., 2000) and rich Bennet medium. For RNA isolation, 5610 8 c.f.u. of the particular S. aureofaciens CCM 3239 strain was inoculated in 50 ml liquid Bennet medium and grown at 28 uC to different growth phases. Conditions for E. coli growth and transformation are described by Ausubel et al. (1995) .
DNA manipulations. The standard DNA manipulations in E. coli were done as described by Ausubel et al. (1995) , and those in Streptomyces according to Kieser et al. (2000) . Hybridization of a S. aureofaciens CCM 3239 cosmid library (Sau3AI partially digested DNA fragments in the BamHI site of SuperCos-1) with a probe comprising the aur1M-aur1N genes revealed 28 positive recombinant cosmids, pCosSA1-28 (Novakova et al., 2010a) . One cosmid, pCosSA25, containing the largest region upstream of the aur1 cluster has been used in further studies for aur1PR2 and aur1PR3 disruption. Employing pCosSA25 internal restriction sites, the DNA fragments were subcloned into pBluescript II SK + and sequenced for both strands. Nucleotide sequencing was done with the ABI PRISM dye terminator cycle sequencing ready reaction kit (Applied Biosystems) and analysed on an Applied Biosystems model 373 DNA sequencer. Analysis of the sequence with the CODON PREFERENCE program identified new ORFs with a codon usage typical for Streptomyces genes (Wright & Bibb, 1992) . The products of the genes were compared with databases, revealing the putative functions of the predicted products of the ORFs. The nucleotide sequence reported in this paper has been deposited in GenBank under accession no. HQ003813.
Disruption of the S. aureofaciens CCM 3239 aur1PR2 and aur1PR3 genes. The PCR-targeted procedure (Gust et al., 2003) was used to delete the whole coding regions of both aur1PR2 and aur1PR3 genes (with the exception of the start and stop codons) in S. aureofaciens CCM 3239 and replaced by a resistance cassette. For aur1PR2, the apramycin resistance cassette was amplified by PCR using primers SARP4DIR (59-TATCTCGACGAAATAACGGAGG-GGAGACGGGAGACCGTGTGTAGG CTGGAGCTGCTTC-39) and SARP4REV (59-CTCACGCCGTCGGCCAGCCGCGCTGGAGCCTT-GGCGTCAATTCCGGGGATCCGTCGACC-39) and the template plasmid pIJ773. For aur1PR3, the same plasmid with primers SARPd1 (59-CAAGGGCTCATCCATGACGAAGCAGGGGAGTACG-GCGTGATTCCGGGGATCCGTCGACC-39) and SARP3REV (59-CCGGAAGCAGTGGGCGAATGATCTTTTAATGATCCGTCATGT-AGGCTGGAGCTGCTTC-39) was used. The resulting PCR products were used to electroporate E. coli BW25113/pIJ790 containing cosmid pCosSA25. The correct replacement of the coding regions in the resulting SuperCos1-derived cosmids pCosSA25-aur1PR2 : : AmR and pCosSA25-aur1PR3 : : AmR was verified by restriction mapping. Both verified cosmids were transformed into the nonmethylating E. coli ET12567/pUZ8002 strain and introduced into S. aureofaciens CCM 3239 by conjugation. Mutants resistant to apramycin and sensitive to kanamycin were selected. Two apramycin-resistant and kanamycinsensitive colonies were selected from each conjugation and the correct double-crossover event was verified by Southern blot hybridization (data not shown). One representative strain, S. aureofaciens Daur1PR2 and S. aureofaciens Daur1PR3, from each disruption was chosen for further study. The plasmid pPMaur1PR3, used for complementation of the aur1PR3 mutation, was prepared by inserting a 1540 bp BglII-NcoI (blunt-ended) fragment of the cosmid pCosSA25 (containing the aur1PR3 gene with its promoter) in pPM927 cut with BamHI and KpnI (blunt-ended).
RNA isolation and S1-nuclease mapping. Isolation of total RNA from S. aureofaciens CCM 3239 and high-resolution S1 nuclease mapping were performed according to the method described by Kormanec (2001) . RNA samples (40 mg) were hybridized to approximately 0.015 pmol of suitable DNA probe labelled at the 59 end with [c- . The S1 probes were prepared as follows: probe 1 (for the aur1PR2p promoter) was prepared by amplification of the cosmid pCosSA25 by PCR using the 59 end-labelled primer SRP4REV (59-GGGT-AGAGCGCGAGGAGCGCC-39) from the aur1PR2 coding region and the unlabelled primer SRP4DIR (59-CGGAATCCCGAAGACG-GCCCG-39) from aur1PR2 upstream region; probe 2 (for the aur1PR3p promoter) was prepared similarly by PCR amplification using 59 end-labelled primer SARP1 (59-CGAGCAGGGCCA-GCACCTGACG-39) from the aur1PR3 coding region and the unlabelled primer SARP2 (59-CCTTCTGGTCAGGAAACTCCC-39) from aur1PR3 upstream region, the probes for the aur1Ap and aur1Pp promoters were described previously (Novakova et al., 2010a) , and the control hrdBp2 promoter probe was described by Kormanec & Farkasovský (1993 together with G+A and T+C sequencing ladders derived from the end-labelled fragments (Maxam & Gilbert, 1980) . Analysis of auricin production. Spores (5610 8 c.f.u) of S. aureofaciens CCM 3239 wild-type, Daur1PR2 and Daur1PR3 mutant strains were inoculated into 50 ml Bennet medium in 250 ml Erlenmayer flasks and the cultures were grown on an orbital shaker at 270 r.p.m. at 28 uC. Aliquots (4 ml) were taken from the cultures at particular time points and pelleted by centrifugation (6000 g for 5 min). Supernatants were extracted twice with the same volume of ethylacetate. Residual water was removed with sodium sulphate and sodium chloride, and extracts were evaporated under vacuum. The pellets were dissolved in 100 ml methanol and a 5 ml aliquot was subjected to TLC analysis on silica gel 60 F 254 plates (Merck) with n-butanol saturated with water. Dried TLC plates were analysed by biochromatography, placing them on LB agar plates and overlaying with soft nutrient agar (Kieser et al., 2000) containing a fresh culture of Bacillus subtilis. The agar was allowed to solidify and plates were incubated for 16 h at 37 uC and screened visually for growth inhibition zones. Aliquots (20 ml) of the extract were analysed by reverse phase HPLC in an OmmiSpher 5 C 18 column (5 mm, 25064.6 mm, Varian) on a Varian ProStar HPLC system with a ProStar 325 UV-VIS detector (Varian) with acetonitrile and 0.5 % (v/v) acetic acid in water as a mobile phase and dual detection at 254 nm and 450 nm. Elution was carried out with a linear gradient of acetonitrile from 20 to 100 % for 30 min at a flow rate of 1 ml min
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. Under these conditions, auricin exhibited a retention time of 9.3 min. The concentration of auricin in culture filtrates was quantified by comparing chromatographic peak areas at 254 nm (a mean of three independent experiments) with those obtained using standards of known concentrations prepared from purified auricin. All values were referred back to equal amounts of dry biomass. Auricin production was confirmed by ESI-MS analysis as a molecular ion [M+H] of m/ z5542.2039 with detection in the positive mode. High-resolution ESI-MS was measured with a Q-Tof Premier mass spectrometer (Waters).
Preparation of cell-free extracts. The S. aureofaciens CCM 3239 wild-type and Daur1R mutant strains were grown in 50 ml Bennet medium as described above. The mycelium was harvested by centrifugation at 12 000 g for 10 min, washed with ice-cold STE buffer (10 mM Tris/HCl, 100 mM NaCl, 1 mM EDTA, pH 8), suspended in 1 ml binding buffer [12.5 mM Tris pH 7.9, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 12 % (v/v) glycerol], and disrupted by sonication on ice (100 s total time, 5 s at amplitude 22 microns and 5 s pause, model Soniprep 150, MSE). The cell debris was removed by centrifugation for 30 min at 30 000 g, and the cell-free extracts were stored in aliquots at 270 uC. Protein concentrations were determined as described by Bradford (1976) , with BSA as a standard.
Electrophoretic mobility shift assay (EMSA). A 266 bp DNA fragment (probe 2) comprising the aur1PR3p promoter region [nucleotide positions 2124 to +142 with respect to the transcription start point (TSP) for the aur1PR3p promoter] was prepared by PCR amplification from pCosSA25 using the 59 end-labelled primer SARP1 and unlabelled primer SARP2. EMSA with purified Aur1R protein or cell-free extracts was done as described recently (Novakova et al., 2010a) . The 32 P-labelled DNA fragments (0.04 ng, approx. 2000 d.p.m.) were incubated with increasing amounts of the Aur1R protein or 20 mg cell-free lysate for 15 min at 30 uC, and proteinbound and free DNA were resolved on a nondenaturing polyacrylamide gel as described by Novakova et al. (2010a) .
DNase I footprinting. Binding reactions were performed in 30 ml binding buffer using the same conditions as for the EMSA with 0.3 ng (approx. 12 000 d.p.m.) of 59 end-labelled 266 bp DNA fragment encompassing the aur1PR3p promoter (probe 1) and increasing amounts of purified Aur1R. After incubation for 15 min at 30 uC, the mixture was incubated with DNase I and additionally treated as described recently (Novakova et al., 2010a) . The DNA fragments were analysed on 6 % DNA sequencing gels together with G+A and T+C sequencing ladders derived from the end-labelled fragment (Maxam & Gilbert, 1980) .
RESULTS
Two genes, aur1PR2 and aur1PR3, in the auricin cluster encode homologues of SARP family transcriptional regulators Sequence analysis of the upstream part of the aur1 gene cluster (Novakova et al., 2002) revealed two additional putative regulatory genes, annotated in GenBank as sa23 and sa24. They were both significantly similar to the members of the SARP family of transcriptional regulatory proteins (Fig. 1) . We renamed them aur1PR2 and aur1PR3, respectively. The members of this family control secondary metabolism in streptomycetes and are characterized by an N-terminal OmpR-type winged HTH DNA-binding domain containing two helical segments (a2 and a3) separated by an 11 nt loop (Wietzorrek & Bibb, 1997) . This secondary structure and the DNA-binding region are conserved in Aur1PR3. However, Aur1PR2 contains a deletion of 5 conserved amino acid residues of the DNAinteracting a3 helix (Fig. 1b) .
The aur1PR3 gene is essential for auricin production
To investigate the role of the aur1PR2 and aur1PR3 genes in auricin biosynthesis and regulation, their whole chromosomal coding regions (with the exception of the start and stop codons) were deleted using a PCR targeting system for disruption of Streptomyces genes and replaced with a resistance cassette (Gust et al., 2003) . Neither mutation affected growth and differentiation. Both mutants were investigated for production of auricin as described previously (Novakova et al., 2010a) . Ethyl acetate extracts from the wild-type and the aur1PR-disrupted strains were prepared from liquid-grown strains cultivated in Bennet medium and analysed by TLC followed by a bioassay against B. subtilis. The deletion of aur1PR2 had no effect on auricin production. However, at all time points, the inhibition zones corresponding to auricin in the aur1PR3 mutant were smaller than for the wild-type S. aureofaciens CCM 3239 strain (Fig. 2b) . The levels of auricin production in each mutant were determined by HPLC of the ethylacetate extracts. Deletion of aur1PR2 did not substantially affect auricin production (data not shown). However, the aur1PR3 deletion caused a dramatic decrease of auricin production (16-fold). To verify that this phenotype was due to the deletion of aur1PR3, S. aureofaciens Daur1PR3 was complemented in trans by transformation with the plasmid pPM-aur1PR3 containing the aur1PR3 gene including its promoter cloned in the integrative plasmid pPM927. The level of auricin increased in the complemented strain to a level similar to the wildtype strain (Fig. 2c) confirming that the decrease of auricin in S. aureofaciens Daur1PR3 was indeed due to the aur1PR3 deletion.
We previously characterized the aur1Ap promoter that directed expression of the first characterized biosynthetic gene of the auricin cluster, aur1A, encoding a putative oxygenase (Novakova et al., 2002) . This promoter directs transcription of a long mRNA of about 20 000 nt covering almost the whole aur1 cluster (J. Kormanec, unpublished results) . To investigate whether the aur1PR3 disruption has an effect on transcription of the aur1Ap promoter, S1-nuclease mapping was performed using RNA isolated from S. aureofaciens CCM 3239 wild-type and the aur1PR3-mutant strains cultivated in liquid Bennet medium. As shown in Fig. 3(a) , the level of aur1Ap mRNA from all the time points was dramatically reduced in the aur1PR3 mutant. The aur1Ap transcription is dependent upon an auricin-pathway-specific activator Aur1P (Novakova et al., 2005) . Therefore, we performed S1-nuclease mapping with a probe for the aur1Pp promoter using the same RNA samples. Transcription of the aur1Pp promoter was similarly reduced in the aur1PR3 mutant (Fig. 3b) . As an internal control, S1-nuclease mapping was performed with the same RNA samples using a probe fragment specific for the S. aureofaciens hrdBp2 promoter, which is expressed fairly constantly during growth (Kormanec & Farkasovský, 1993) . These results indicated that the aur1PR3 gene probably encodes a SARP family activator of auricin production. The aur1PR2 gene seems to have no role in auricin regulation, and it is probably not active as a transcriptional regulator due to a deletion of conserved critical amino acid residues essential for DNA binding (Fig. 1b) .
Overexpression of genes encoding pathway-specific activators has been described in several studies to result in , 1991) . The predicted secondary structure for the SARP family (Wietzorrek & Bibb, 1997) of the N-terminal DNA-binding domain, indicating the HTH variant, is marked. Identical residues are highlighted in black; similar residues are shaded. The numbers refer to the nucleotide sequence deposited in the databases. Sequences were retrieved from GenBank and aligned using CLUSTAL_X.
overproduction of the respective antibiotic (Gramajo et al., 1993; Stratigopoulos et al., 2004) . We placed the aur1PR2 and the aur1PR3 genes under the control of a wellcharacterized strong ermEp* promoter and integrated these constructs into the S. aureofaciens CCM 3239 chromosome. However, no significant increase in auricin production was achieved (data not shown).
Transcriptional analysis of the SARP family regulatory genes
Expression of both aur1PR2 and aur1PR3 genes was investigated by S1-nuclease mapping using probes 1 and 2 (Fig. 1a) . Recently we characterized an auricin-specific repressor Aur1R (Novakova et al., 2010a) . To investigate whether an aur1R disruption has an effect on transcription of both genes, RNA was isolated from S. aureofaciens CCM 3239 wild-type and the aur1R mutant strains at various growth stages in liquid Bennet medium. In both genes, a single RNA-protected fragment was identified that corresponded to the aur1PR2p and the aur1PR3p promoters. Both promoters were not active at the early exponential phase (7 h). However, in contrast with previously characterized auricin-specific promoters aur1Ap, aur1Pp and aur1Rp (Novakova et al., 2010a) , which were induced at the beginning of stationary phase (12 h), both aur1PR2p and aur1PR3p were induced earlier, during late exponential phase (9 h). No RNA-protected fragment was identified with tRNA as a control (Fig. 4) . The RNA samples used for the S1-nuclease mapping experiments were the same as used previously (Novakova et al., 2010a) . The sequence of both promoters and flanking regions is shown in Fig. 5(d) . The putative 235 and 210 regions of both promoters shows similarity to the consensus sequence (TTGaCA-N 16-18 -TAgaaT) recognized by the major Streptomyces sigma factor s HrdB (Kang et al., 1997) . Therefore, it is likely that they are transcribed by an RNA polymerase holoenzyme containing the principal sigma factor s HrdB . Analysis of auricin production in the wild-type and the aur1PR-disrupted S. aureofaciens strains by biochromatography assay. Ethylacetate extracts from S. aureofaciens CCM 3239 wild-type (WT), aur1PR2-disrupted (Daur1PR2), and aur1PR3-disrupted (Daur1PR3) strains grown to indicated time points in Bennet medium were resolved by TLC and overlaid with B. subtilis as described in Methods. The inhibition zone corresponds to auricin (Novakova et al., 2002) . (c) HPLC analysis of auricin production by the S. aureofaciens CCM 3239 wild-type (WT), aur1PR3-disrupted (Daur1PR3) and complemented (Daur1PR3+pPM-aur1PR3) strains grown for 14 h in Bennet medium. The arrow indicates the mobility of auricin.
The level of aur1PR2p mRNA was not affected in the aur1R mutant. However, the level of aur1PR3p mRNA was dramatically increased in the aur1R mutant at the time points from 12 h that coincide with the time point of aur1R induction (Novakova et al., 2010a) . As an internal control, S1-nuclease mapping was performed with the same RNA samples using a probe fragment specific for the S. aureofaciens hrdBp2 promoter, which is expressed fairly constantly during growth and differentiation (Kormanec & Farkasovský, 1993) . RNA-protected fragments of similar intensities corresponding to the hrdBp2 promoter were identified with all RNA samples (Fig. 4c) . The results indicated that the aur1R mutation positively affects transcription from the aur1PR3p promoter. High-resolution S1-nuclease mapping of the TSP for the aur1Ap and aur1Pp promoters in S. aureofaciens CCM 3239 wild-type (WT) and S. aureofaciens aur1PR3-disrupted (Daur1PR3) strains. The 59-labelled DNA fragments were hybridized with 40 mg RNA and treated with 120 U S1-nuclease. RNA was isolated from the cultures grown in liquid Bennet medium to the time points indicated, which corresponded to the different growth phases (Fig. 2a) . E. coli tRNA was used as a control (lane C). (c) Control S1-nuclease mapping experiments with the same RNA samples and a DNA probe for the hrdBp2 promoter (Kormanec & Farkasovský, 1993) . The RNA-protected DNA fragments were analysed on DNA sequencing gels together with G+A (lane A) and T+C (lane T) sequencing ladders derived from the end-labelled fragments (Maxam & Gilbert, 1980) . All S1-nuclease mapping experiments were performed twice with independent sets of RNA with similar results. E. coli tRNA was used as a control (lane C). High-resolution S1-nuclease mapping of the TSP for the aur1PR2p and aur1PR3p promoters in S. aureofaciens CCM 3239 wild-type (WT) and S. aureofaciens aur1R-disrupted (Daur1R) strains. The 59-labelled DNA fragments were hybridized with 40 mg RNA and treated with 120 U S1-nuclease. RNA was isolated from the cultures grown in liquid Bennet medium to the time points indicated, which corresponded to the different growth phases (Fig. 2a) . E. coli tRNA was used as a control (lane C). (c) Control S1-nuclease mapping experiments with the same RNA samples and a DNA probe for the hrdBp2 promoter (Kormanec & Farkasovský, 1993) . The RNA-protected DNA fragments were analysed on DNA sequencing gels together with G+A (lane A) and T+C (lane T) sequencing ladders derived from the end-labelled fragments (Maxam & Gilbert, 1980) . Thin horizontal arrows indicate the positions of RNA-protected fragments and thick bent vertical arrows indicate the nucleotide corresponding to the TSP. Before assigning the TSP, 1.5 nt was subtracted from the length of the protected fragment to account for the difference in the 39 ends resulting from S1-nuclease digestion and the chemical sequencing reactions. In every experiment, the same RNA preparations were hybridized in parallel with all of the probes. All S1-nuclease mapping experiments were performed twice with independent sets of RNA with similar results.
The Aur1R protein binds specifically to the aur1PR3p promoter
To investigate whether Aur1R directly regulates aur1PR3p transcription, a purified N-terminal His-tagged Aur1R (Novakova et al., 2010a) was examined for its binding to aur1PR3p by EMSA using a 266 bp 32 P-labelled DNA fragment encompassing the aur1PR3p promoter (nucleotide positions 2124 to +142 with respect to the TSP). Interestingly, as for Aur1R binding to the two binding sites in the aur1R-aur1P intergenic region (Novakova et al., 2010a) , four retarded bands were identified with increasing concentration of Aur1R, which may correspond to four different complexes (Fig. 5a) . The specificity of the interaction was demonstrated by the competitive binding of the unlabelled fragment (Fig. 5a, lane 6) . These results indicated that Aur1R is capable of binding to the aur1PR3p promoter. We similarly investigated binding of the auricinspecific activator Aur1P (Novakova et al., 2005) to the aur1PR3p promoter. However, no binding was found. Moreover, transcription of aur1PR3p was not influenced in the aur1P mutant (data not shown). Likewise, both Aur1R and Aur1P did not bind the aur1PR2p promoter (data not shown). To map the binding site for Aur1R within the region of aur1PR3p, a DNase I footprinting assay was carried out using the same 32 P-labelled 266 bp aur1PR3p promoter DNA fragment. In contrast with the four complexes identified by EMSA, only one region covering the aur1PR3p promoter was protected, occupying both putative 210 and 235 promoter elements (Fig. 5c, d ). This (Maxam & Gilbert, 1980) . All binding experiments were performed twice with independent sets of protein samples, giving similar results. (d) Nucleotide sequence of the S. aureofaciens CCM 3239 aur1PR2p and aur1PR3p promoter regions. The deduced protein products are given in the single-letter amino-acid code in the second position of each codon. The TSPs of the promoters are indicated by bent arrows. The putative "10 and "35 boxes of the promoters are in bold and underlined. The nucleotides that were protected from DNase I by Aur1R binding are shaded. The nucleotide sequence shown is a part of the sequence that has been deposited in GenBank/EMBL/DDBJ under accession no. HQ003813.
Positive regulator of auricin biosynthesis
repressor mode of binding to the aur1PR3p promoter is consistent with a function of Aur1R as a negative TetR family regulator. However, the protected region was approximately twice as long (57 nt) as previously identified Aur1R binding sites (33 nt; Novakova et al., 2010a) . Inspection of this longer DNase I-protected region revealed that both halves of the Aur1R-protected region in the aur1PR3p promoter are similar to the previously characterized Aur1R binding site (Novakova et al., 2010a) and contain an inverted repeat that is similar to the autoregulatory element (ARE) consensus sequence of the Streptomyces c-butyrolactone autoregulator receptor proteins (Fig. 6) (Folcher et al., 2001) . Assuming similar binding of Aur1R, where two dimers of Aur1R might bind one inverted repeat-containing operator (Novakova et al., 2010a) , the four complexes identified by EMSA are also consistent with this way of binding in the case of the aur1PR3p promoter that probably contains two close Aur1R binding sites.
To investigate binding of regulatory proteins to the aur1PR3p promoter during different growth phases, a similar EMSA was performed using cell-free extracts from various growth phases of S. aureofaciens CCM 3239 wildtype and the aur1R mutant strains (Fig. 5b) . Similarly, four complexes were found using cell-free extracts from the wildtype strain from the end of exponential phase (12 h) that were absent in the cell-free extracts from the aur1R mutants. This time point corresponds to the time of aur1R induction (Novakova et al., 2010a) . These results therefore additionally confirmed Aur1R binding to the aur1PR3p promoter. No binding of Aur1R was found in the later stages (14 h, 16 h), which may indicate release of the Aur1R binding by auricin as an effector molecule (Novakova et al., 2010a) . Additional binding complex was found using cell-free extracts from both strains grown to early exponential phase (7 h) that disappeared in later stages. This complex may correspond to a repressor avoiding expression of aur1PR3 at early exponential phase (Fig. 4b) . The results of the binding studies indicated that the effect of aur1R upon aur1PR3 expression is direct and identified that the auricin-specific repressor Aur1R has another target in addition to aur1P (Novakova et al., 2010a) .
DISCUSSION
Two regulators, Aur1P and Aur1R, have been previously characterized as controlling the expression of the aur1 gene cluster involved in biosynthesis of auricin in S. aureofaciens CCM 3239 in a cascade mechanism. Negative TetR family regulator Aur1R directly controls expression of the auricin pathway-specific positive regulator Aur1P, an atypical response regulator, which in turn regulates expression of the biosynthetic promoter aur1Ap (Novakova et al., 2005 (Novakova et al., , 2010a . In the present paper, we have described two additional regulatory genes, aur1PR2 and aur1PR3, identified in the auricin cluster, encoding homologues of the well-known SARP family of antibiotic regulators (Wietzorrek & Bibb, 1997) .
While deletion of aur1PR2 had no effect on auricin production, deletion of aur1PR3 dramatically reduced auricin production. This reduction was probably due to a substantial decrease of transcription of the biosynthetic promoter aur1Ap, which likely controls expression of the aur1 operon consisting of 22 auricin biosynthetic genes (Novakova et al., 2002 (Novakova et al., , 2010b J. Kormanec, unpublished results) . Therefore, in addition to Aur1P, Aur1PR3 likely constitutes an additional auricin pathway-specific activator. Aur1PR2 is probably a pseudo-regulator with no function in auricin regulation, probably due to a deletion of conserved critical amino acids residues essential for DNA binding (Fig. 1b) .
The dependence of the aur1Ap promoter upon aur1PR3 is probably indirect, as no significant similarity has been found in the aur1Ap promoter to the correctly spaced direct repeat heptameric sequences TCGAGXX that are characteristic binding sites of several SARP family regulators (Arias et al., 1999; Sheldon et al., 2002) . Aur1PR3 may influence aur1Ap transcription through the auricin pathway-specific activator Aur1P (Novakova et al., 2005) . Actually, transcription of the aur1Pp promoter was similarly reduced in the aur1PR3 mutant (Fig. 3b) . However, as for aur1Ap, there was no similarity to the SARP consensus binding sequence. Of course, we cannot rule out Aur1PR3 binding to the promoters recognizing distinct sequences. These binding experiments and Fig. 6 . Comparison of the nucleotide sequences of both halves (a, b) of the aur1PR3p promoter protected by Aur1R with the previously characterized Aur1R-dependent aur1Pp and aur1Rp promoters (Novakova et al., 2010a) and the autoregulatory element (ARE) consensus sequence of the Streptomyces c-butyrolactone autoregulator receptor proteins (Folcher et al., 2001) . Identical residues are highlighted in black. Arrows indicate the position of the 22 bp inverted repeat sequence identified as a consensus sequence (ARE box) of the c-butyrolactone autoregulator receptor protein ArpA (Onaka & Horinouchi, 1997) . M5A or C, R5A or G, W5A or T, Y5C or T, K5G or T.
additional investigations to identify cognate promoters for Aur1PR3 are in progress.
Interestingly, expression of both aur1P and aur1PR3 is under the direct control of the auricin-specific repressor Aur1R. Comparing the effect of an aur1R disruption upon the aur1P expression (Novakova et al., 2010a) , the level of mRNA corresponding to aur1PR3 in the aur1R mutant is much higher than in the wild-type strain (Fig. 4) ; therefore, it seems that Aur1R has a stronger inhibitory effect upon the aur1PR3 expression than on aur1P. However, in both cases, their expression in the aur1R mutant is induced at the same stage (12 h) corresponding to the end of exponential phase and to the time point of aur1R induction. Moreover, activation of Aur1R binding to the aur1PR3p promoter at this time point was independently verified by in vivo binding data (Fig. 5) . This different inhibitory effect of Aur1R to two cognate promoters, aur1Pp and aur1PR3p, may be related to different binding of Aur1R to the promoters. In contrast with the aur1Pp promoter, DNase I footprinting analysis revealed that the Aur1R-protected region in the aur1PR3p promoter was about twice as long, which probably consists of two close Aur1R binding sites (Fig. 6 ). Assuming that two dimers of Aur1R bind one inverted repeat-containing operator (Novakova et al., 2010a) , four dimers of Aur1R may bind to the aur1PR3p promoter, thus exhibiting a stronger inhibitory effect upon this promoter. Actually, four complexes were identified by EMSA with increasing amounts of Aur1R for the aur1PR3p promoter (Fig. 5) , and only two complexes were detected in a similar experiment for the aur1Pp promoter (Novakova et al., 2010a) .
Usually, a single pathway-specific transcriptional activator is responsible for activation of biosynthetic genes in antibiotic clusters. In several cases, its activity is in turn regulated by genes at a higher level in the regulatory hierarchy, including global regulatory genes mediating environmental, nutritional and growth rate effects (Bibb, 2005) . However, there are several antibiotic clusters in which, as in our case, regulation of several pathwayspecific activators is interconnected. For instance, two SARP family regulators, TylS and TylT, and three additional regulatory proteins, TylR, TylU and TylQ, are involved in regulation of the macrolide antibiotic tylosin in Streptomyces fradiae (Cundliffe, 2008) . As in our case, TylT is not essential for tylosin production, and both TylS and TylR are required for tylosin production. Interestingly, TylR is under negative control of TylQ, which is a homologue of Aur1R, and they both belong to the same subfamily of c-butyrolactone autoregulator pseudo-receptors. This cascade of regulation might be similar to that for auricin; however, TylR is dissimilar to Aur1P, and TylS is not under negative regulation of TylQ. A similar complex regulation has been described in two other similar angucycline antibiotic clusters for alpomycin (alp) in Streptomyces ambofaciens and jadomycin (jad) in Streptomyces venezuelae. Five regulatory genes, encoding three SARP homologues and two TetR family homologues (one of them is homologous to Aur1R) were identified in the alp cluster (Aigle et al., 2005) . A pseudo-receptor JadR2 (homologue of Aur1R) directly represses expression of the jadomycin pathway-specific activator JadR1 (homologue of Aur1P) in the jad cluster, and this repression is relieved by a binding of jadomycin, a mechanism similar to that for Aur1R (Xu et al., 2010) . Therefore, it seems that this type of complex regulation is, in some respects, conserved in antibiotic gene clusters.
Based on our current results, we suggest a preliminary model of regulation of auricin biosynthesis. Auricin biosynthesis is regulated by two pathway-specific activators, Aur1P and Aur1PR3, and their expression is under a direct negative control of a pseudo c-butyrolactone receptor protein, Aur1R. During the vegetative growth phase, the expression of all three regulatory genes is repressed by an early repressor(s). Actually, a protein bound to the aur1PR3p promoter was identified by EMSA at early exponential phase (7 h) (Fig. 5b) , and a true c-butyrolactone receptor protein SagR has been found to inhibit expression of aur1R and aur1P at early exponential phase (J. Kormanec, unpublished results). Therefore, Aur1R belongs to the family of the late represors, like the recently characterized homologues AlpW in S. ambofaciens (Bunet et al., 2011) and ScbR2 in Streptomyces coelicolor (Gottelt et al., 2010) . The activation of the auricin cluster is then triggered by a signalling molecule (probably c-butyrolactone) in the late exponential phase (about 12 h), which, after binding to SagR, relieves repression of aur1P and aur1R. The derepression of aur1P allows induction of biosynthetic genes. At the same time, the transcription of aur1R is also derepressed, and the late repressor Aur1R binds to aur1Pp and aur1PR3p, thus reducing transcription of the corresponding activator genes. A specific level of auricin or its intermediates represents a ligand(s) that, after binding to Aur1R, partially relieves its binding to the aur1Pp and aur1PR3p promoters and consequently increases their transcription, resulting in increased expression of auricin biosynthetic genes. Thus, the main role of Aur1R might be, in concert with its effector molecule, to ensure strictly regulated levels of auricinspecific activators. It may act in a negative-feedback mechanism to suppress expression of the auricin cluster and to limit auricin biosynthesis.
